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RESUMEN 

Favor de proporcionar un resumen en espanol. If you cannot provide a Spanish abstract, the 
editors will do this. The essential features of the stellar Initial Mass Function are, rather generally, (1) a peak 
at a mass of a few tenths of a solar mass, and (2) a power-law tail toward higher masses that is similar to the 
original Salpeter function. Recent work suggests that the IMF peak reflects a preferred scale of fragmentation 
associated with the transition from a cooling phase of collapse at low densities to a nearly isothermal phase at 
higher densities, where the gas becomes thermally coupled to the dust. The Salpeter power law is plausibly 
produced, at least in part, by scale-free accretion processes that build up massive stars in dense environments. 
The young stars at the Galactic Center appear to have unusually high masses, possibly because of a high 
minimum mass resulting from the high opacity of the dense star-forming gas. 

ABSTRACT 

The essential features of the stellar Initial Mass Function are, rather generally, (1) a peak at a mass of a few 
tenths of a solar mass, and (2) a power-law tail toward higher masses that is similar to the original Salpeter 
function. Recent work suggests that the IMF peak reflects a preferred scale of fragmentation associated with 
the transition from a cooling phase of collapse at low densities to a nearly isothermal phase at higher densities, 
where the gas becomes thermally coupled to the dust. The Salpeter power law is plausibly produced, at least 
in part, by scale-free accretion processes that build up massive stars in dense environments. The young stars at 
the Galactic Center appear to have unusually high masses, possibly because of a high minimum mass resulting 
from the high opacity of the dense star-forming gas. 
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1. INTRODUCTION 

The year 2005 brought the 50th anniversary of 
studies of the stellar Initial Mass Function (IMF), 
which began with the publication of the first and 
still most famous paper on the subject by Salpeter 
in 1955. Recent work on the subject has been sum- 
marized in the proceedings of a conference held to 
mark this occasion at Spineto, Italy (Corbelli, Palla, 
& Zinnecker 2005), and useful reviews have been 
given also by Scalo (1986, 1998), Kroupa (2002), 
and Chabrier (2003). Much work has shown that, 
for masses above 1 M© , the IMF can generally be 
approximated by a declining power law with a slope 
similar to that first found by Salpeter (1955). How- 
ever, it is now clear that this power law does not ex- 
tend to masses much below 1 Mq ; instead, the num- 
ber of stars per unit logarithmic mass interval flat- 
tens below 0.5 M© and peaks at a few tenths of a so- 
lar mass, showing a significant decline in the brown- 
dwarf regime below 0.1 Mq. Thus, stars form with a 
preferred mass that is of the order of a few tenths of 
a solar mass. If a characteristic mass is defined such 
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that half of the initial mass goes into stars below this 
mass and half into stars above it, this characteristic 
stellar mass is about 1 Mq . This characteristic mass 
also seems to have a similar magnitude in many dif- 
ferent well-studied systems. 

The fact that stars form with a preferred mass is 
perhaps the most fundamental fact about star for- 
mation, so I shall concentrate here on recent efforts 
to understand the origin of this basic mass scale. 
Evidence for variations in this mass scale and their 
possible origin will be discussed briefly in Section 5. 

2. ORIGIN OF THE STELLAR MASS SCALE 

Studies of the structure of star- forming molecular 
clouds have suggested that low-mass stars may ac- 
quire their masses, at least in part, from those of the 
apparently prestellar dense 'cores' observed in these 
clouds. The mass spectrum of these cores resembles 
the stellar IMF for masses below a few M© (Motte, 
Andre, & Neri 1998; Testi & Sargent 1998; Motte & 
Andre 2001; Johnstone et al. 2000, 2001), suggest- 
ing that low-mass stars may form directly from such 
cores and acquire their masses from them. Although 
it is not yet clear to what extent there may be a 
one-to-one correspondence between cores and stars. 
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the fact that the observed cores have masses similar 
to those of low-mass stars suggests that cloud frag- 
mentation processes may play an important role in 
the origin of the IMF, especially in the origin of the 

characteristic stellar mass. 

Although turbulence and magnetic fields may 
dominate the dynamics of molecular clouds on the 
largest scales, thermal pressure is expected to be the 
most important force resisting gravity on the small 
scales relevant to the formation of individual stars. 
Cloud fragmentation on these scales is therefore ex- 
pected to be limited by the classical Jeans length 
and mass obtained by balancing gravity against ther- 
mal pressure (Jeans 1902, 1929). Although the orig- 
inal Jeans analysis was not self-consistent, the Jeans 
mass or equivalent mass scales have been found to 
have wide applicability to many kinds of pressure- 
supported configurations (Larson 1985, 2003). Many 
numerical simulations of cloud collapse and fragmen- 
tation have shown, furthermore, that the number 
of bound prestellar fragments that form is always 
similar to the number of Jeans masses in the ini- 
tial configuration (Larson 1978; Monaghan & Lat- 
tanzio 1991; Klessen, Burkert, & Bate 1998; Klessen 
2001; Bate, Bonnell, & Bromm 2003; Bate & Bon- 
nell 2005). The more recent of these simulations 
have mostly included a spectrum of turbulent mo- 
tions, and they have found that the number of bound 
fragments formed is always similar to the number of 
Jeans masses present initially, regardless of whether 
turbulence is included or how it is treated. Simula- 
tions including magnetic fields are still at an early 
stage, but the results of Li et al. (2004) suggest that 
magnetic fields, like turbulence, may not greatly al- 
ter the scale of fragmentation. 

If the characteristic stellar mass is therefore de- 
termined essentially by the initial Jeans mass in a 
collapsing cloud, we need to understand what de- 
termines this initial Jeans mass, or the Jeans mass 
at the stage when most of the fragmentation takes 
place. The Jeans mass depends on the gas tempera- 
ture and density (or pressure), but it is particularly 
sensitive to the temperature, varying as temperature 
to the power 3/2 or 2 depending on whether the den- 
sity or the pressure is fixed. This suggests that the 
thermal properties of star-forming clouds are impor- 
tant for the scale of fragmentation, and that any 
variation in temperature during the collapse may 
also have important effects. The simulations men- 
tioned above have nearly all assumed isothermal col- 
lapse, but isothermality is only a somewhat crude 
approximation and the cloud temperature is actu- 
ally predicted to drop at first with increasing density 



because of efficient cooling at low densities, reach- 
ing a minimum and then beginning to rise slowly 
with density when the gas becomes thermally cou- 
pled to the dust (Larson 1985). Fragmentation might 
then be expected to proceed very efficiently at the 
low densities where cooling is efficient and the Jeans 
mass decreases rapidly with increasing density, while 
it might be much less efficient at the higher densities 
where the Jeans mass decreases only slowly with in- 
creasing density. Larson (1985) suggested on this ba- 
sis that the Jeans mass at the point of minimum tem- 
perature where the gas becomes thermally coupled 
to the dust might be a preferred scale of fragmenta- 
tion, possibly leading to a peak in the stellar IMF at 
this mass, which is predicted to be about 0.3 M0, in 
agreement with the observed peak mass. A similar 
suggestion that the peak of the IMF is determined by 
the onset of thermal coupling between gas and dust 
was made by Whitworth, Boflan, & Francis (1998). 

3. IMPORTANCE OF THE THERMAL PHYSICS 
OF STAR-FORMING CLOUDS 

Recent numerical experiments have shown that 
the dependence of fragmentation efficiency on ther- 
mal behavior suggested above is in fact a very strong 
effect. Li, Mac Low, & Klessen (2003) have simu- 
lated the collapse and fragmentation of a turbulent 
cloud with a polytropic equation of state of the form 
P cc p'^ and have considered a range of values of 
7. They found that the number of bound clumps 
formed decreases very strongly with increasing 7; for 
example, it decreases from 380 for 7 = 0.7 to 18 for 
7 = 1.1, a decrease by a factor of 20 in the number 
of bound clumps formed for only a modest decrease 
in 7. This range of values of 7 is approximately 
the range expected to be relevant in star-forming 
clouds, as was noted by Larson (1985). Stud- 
ies of the thermal behavior of star-forming clouds 
have been reviewed by Larson (2005), including the 
work of Larson (1973), Low & Lynden-Bell (1976), 
Koyama & Imitsuka (2000), Masunaga & Inutsuka 
(2000), and Omukai (2000). At densities below 
about 10~^^gcm~^, the balance between radiative 
heating and cooling mainly by C"*" ions and O atoms 
results in a temperature that decreases with increas- 
ing density roughly as T = 4.4pj"g°'^^K, where pig 
is the density in units of 10""'^* gcm~"^. At higher 
densities, the gas becomes thermally coupled to the 
dust and the balance between compressional heating 
and dust cooling yields a slowly rising temperature 
that can be approximated by T = 4.4 plfK. Thus 
the effective value of 7 increases from about 0.73 to 
1.07 at the density of about 10~^* gcm~^ where the 
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gas becomes thermally coupled to the dust. From 
the results of Li et al. (2003) we would then expect 
that efficient fragmentation would occur at the lower 
densities where 7 ~ 0.73, while relatively little fur- 
ther fragmentation would occur at the higher densi- 
ties where 7 ~ 1.07, making the Jeans mass at the 
transition density a preferred scale for fragmentation 
(Larson 2005). 

The hypothesis that the Jeans mass at the den- 
sity where the gas becomes thermally coupled to the 
dust is what determines the peak mass of the IMF 
has been tested in a series of calculations by Jappsen 
et al. (2005), who simulated the fragmentation of a 
cloud with a two-part polytropic equation of state in 
which 7 increases from 0.7 to 1.1 at a critical density 
which is varied to study its effect on the mass spec- 
trum of the objects formed. These simulations pro- 
duced a few hundred bound objects and thus yielded 
statistically meaningful mass functions. The results 
showed, at least qualitatively, the expected strong 
dependence of the peak mass of the IMF on the crit- 
ical density, confirming the importance of the ther- 
mal physics of star-forming clouds in determining 
the mass scale of the IMF. The simulation with the 
most realistic choice of parameters yielded an IMF 
with a peak mass of about 0.3 M©, very similar to 
the observed value. Further simulations testing the 
importance of the thermal physics have been made 
by Bonnell, Clarke, & Bate (2006a), who found that 
while a calculation with an isothermal equation of 
state yielded an acceptable IMF only if the right ini- 
tial conditions were chosen, one with a more realistic 
equation of state like that discussed above yielded an 
IMF similar to the observed one with a flattening be- 
low 1 M© and a peak at a few tenths of a solar mass, 
even when the initial Jeans mass was much larger 
than IM0. Again, this result supports the hypoth- 
esis that the change in the equation of state that 
occurs when the gas becomes thermally coupled to 
the dust is what is responsible for determining the 
characteristic stellar mass. 

4. MASSIVE STARS AND THE UPPER IMF 
Fragmentation processes may account for the 
lower IMF, i.e. for stars with masses below a few 
Mq, but they are not likely to produce the more 
massive stars or account for the upper IMF because 
the most massive stars form in dense environments 
where the Jeans mass is small, typically in the central 
parts of large dense clusters like the Trapezium clus- 
ter (Zinneckcr, McCaughrean, & Wilking 1993). The 
tendency of massive stars to form in dense regions 
where accumulation processes are likely to be signif- 
icant suggests instead that the upper IMF may be 



produced, at least in part, by the continuing accrc- 
tional growth of massive stars in dense environments 
(Larson 1982; Zinnecker 1982; Bonnell, Bate, & Vine 
2003; Bonnell, Larson, & Zinneckcr 2006b). Because 
the stars in a forming cluster can all accrete from a 
common intracluster medium, the term 'competitive 
accretion' has sometimes been used to describe this 
process (Bonnell et al. 2001). The simplest approx- 
imation, assuming Bondi-Hoyle accretion at a rate 
proportional to the square of the mass of the accret- 
ing object, predicts the growth of a power-law tail 
on the IMF with a logarithmic slope of —1 which is 
not far from the Salpcter slope of —1.35 (Zinnecker 
1982). The tendency of the more massive stars to 
be located in denser regions creates a stronger de- 
pendence of the accretion rate on stellar mass, and 
this increases the slope of the IMF to a value closer 
to the Salpeter slope. Simulations of the formation 
of clusters have produced not only realistic-looking 
clusters but also a realistic upper stellar IMF that 
has a slope similar to the Salpeter slope (Bonnell et 
al. 2003, 2006b). These results support the possi- 
bility that the upper IMF results largely from ac- 
cretion processes, although the details of the accre- 
tion processes that occur in the simulations are much 
more complex than classical Bondi-Hoyle accretion 
because the accreted material is highly non-uniform 
and because it has very complex dynamics. 

A possible problem for models in which accre- 
tion plays an important role is posed by the effect 
of radiation pressure on the gas falling onto an ac- 
creting star; if the star becomes too luminous, its 
radiation pressure may shut off further growth in 
mass at a stellar mass of a few tens of solar masses 
(Larson & Starrficld 1971; Wolfire & CassineUi 1987; 
Yorke & Sonnhalter 2002). Recent detailed three- 
dimensional calculations of the effects of radiation 
on an infalling envelope have shown, however, that 
radiation pressure is not a serious obstacle to contin- 
uing accretion because Rayleigh- Taylor instabilities 
or the formation of bipolar outflow cavities can allow 
radiation to escape and infall to continue and build 
up stars much more massive than would otherwise 
be predicted (Krumholz, McKee, & Klein 2005a, 
2006). Although Krumholz et al. (2005b) have ar- 
gued against the importance of competitive accretion 
for the formation of massive stars, their work on ra- 
diation pressure actually supports the possibility of 
building up massive stars by accretion processes of 
some kind. Simple models cannot be used to argue 
for or against competitive accretion because of the 
extreme density contrasts and complex dynamics in- 
volved, as is found in the simulations. In any case, 
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much clearly remains to be learned about the forma- 
tion of massive stars. 

5. STAR FORMATION IN EXTREME 
ENVIRONMENTS 
Most well-studied systems appear to have a sim- 
ilar IMF, but evidence has recently begun to emerge 
that the Galactic Center region may have an anoma- 
lous IMF characterized by an excess of massive stars. 
One of the three massive young clusters near the 
Galactic Center, the Arches Cluster, has a relatively 
flat upper IMF with an apparent turnover at a few 
solar masses, suggesting a characteristic mass consid- 
erably higher than in the solar neighborhood (Stolte 
et al. 2005). A second young cluster, the Galactic 
Center cluster surrounding the central black hole, 
appears to be deficient in low-mass stars by more 
than an order of magnitude, judging by the absence 
of the predicted X-ray flux from the low-mass pre- 
main-sequence stars that should be present if the 
cluster has a normal IMF (Nayakshin & Sunyaev 

2005) . The K-band luminosity function of this clus- 
ter also indicates a top-heavy IMF, and from all of 
the evidenc;e, it seems very likely that these stars 
were formed essentially where they are, within a few 
tenths of a parsec of the central black hole (Paumard 
ct al. 2006; Nayakshin & Sunyaev 2005). Thus, there 
is now good evidence that stars have recently formed 
very close to the central black hole in our Galaxy 
with a very top-heavy IMF (Genzel 2006). 

In order for stars to form so close to the central 
black hole, the star-forming gas must have a den- 
sity many orders of magnitude higher than that of 
typical nearby molecular clouds for it not to be dis- 
persed by tidal forces. Most of the stars in the Galac- 
tic Center cluster are concentrated in two nearly or- 
thogonal disks or rings (Genzel et al. 2003; Paumard 
et al. 2006), and these stars must presumably have 
formed in two dense disks of gas orbiting the central 
black hole (Nayakshin & Cuadra 2005; Nayakshin 

2006) . The gas in these star- forming disks must have 
had a density of at least lO^^'' gcm^'', which is high 
enough for the gas to be closely thermally coupled to 
the dust. Moreover, at this high density any region 
large enough to be self-gravitating is optically thick 
to the thermal cooling radiation of the dust, and it 
may therefore tend to evolve adiabatically. Because 
the dust opacity increases with temperature and be- 
cause the dust in the Galactic Center region is much 
warmer than the dust in nearby molecular clouds 
(Morris & Serabyn 1996), the dust opacity will in 
fact be so high that any self-gravitating region must 
already have become opaque at a much lower den- 
sity. This optically thick regime is one that has not 



previously received much attention in star formation 
theory, except in the context of the 'opacity limit' 
on stellar masses first studied by Low & Lynden-Bell 
(1976). 

If the dust is externally heated, as appears to 
be the case near the Galactic Center, the mini- 
mum fragment mass predicted by Low & Lynden- 
Bell (1976) increases strongly with the dust temper- 
ature and may reach values much higher than the 
normal value. If the dust opacity varies as T^^^^, as 
expected, and if the gas behaves adiabatically after 
it becomes opaque, as assumed by Low & Lynden- 
Bell, then the minimum fragment mass is predicted 
to vary as T^^^^. Dust temperatures exceeding 50 K 
are observed near the Galactic Center, and for tem- 
peratures in this range the predicted minimum frag- 
ment mass becomes larger than IMq. Since the 
dust temperature may have been even higher than 
this during the period of active star formation that 
created the observed massive stars, the minimum 
mass could have been even higher, implying a top- 
heavy IMF, as observed. Fragmentation to smaller 
masses could have occurred only if the gas in the 
star-forming disks was able to cool to lower temper- 
atures before forming stars. For example, if the gas 
was able to cool to a constant temperature of 40 K, as 
suggested by Nayakshin (2006), then the formation 
of stars with masses below 1 Mq might have been 
possible, but even in this case, Nayakshin (2006) ar- 
gues that these stars would have grown rapidly by 
accretion to much larger masses, so that the end re- 
sult would still have been massive stars. 

Clearly the above discussion is very preliminary, 
and new frontiers remain to be explored in the study 
of star formation in extreme environments like that 
near the Galactic center. Another type of extreme 
environment that has been studied is that relevant to 
the formation of the first stars in the universe; these 
are also predicted to be relatively massive because 
of the expected high temperature and high mass 
scale for fragmentation (Bromm & Larson 2004). A 
subject not yet well studied is the formation of the 
first very metal-poor stars after the first heavy ele- 
ments had been produced in the universe. With a 
low dust abundance, the resulting low opacity may 
allow the formation of low-mass stars even in very 
metal-poor systems, as long as even a small amount 
of dust is present (Low & Lynden-Bell 1976; Omukai 
et al. 2005); this might help to explain why the IMF 
of very metal-poor systems does not appear to be 
markedly anomalous. Detailed calculations will be 
needed to understand what kind of IMF might re- 
sult from such conditions. Perhaps, with enough 
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work and with the efforts of enterprising students 
like those attending this meeting, an understanding 
of the origin of the IMF in the various different astro- 
physical environments relevant to the formation and 
evolution of galaxies will eventually become possible. 
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